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Abstract

The influence of processing parameters on phase formation and particle size of hydrothermally synthesized BiFeO3; powders was investigated.
BiFeO; powder was synthesized by dissolving bismuth nitrate and iron nitrate in KOH solution at temperatures ranging from 150 to 225 °C. X-ray
diffraction patterns and scanning electron microscopy observation indicated that rod-like a-Bi,O3 phase was formed at initial stage of reaction and
dissolved into ions to form thermodynamically stable BiFeO; phase. Single-phase perovskite BiFeOs has been formed using a KOH concentration of
8 M at a temperature of >175 °C in a 6 h reaction period. BiFeO; particle growth was promoted by lowering the KOH concentration, or increasing the
duration time or reaction temperature. The effects of processing conditions on the formation of crystalline BiFeO; powders were discussed in terms of a
dissolution—precipitation mechanism. The magnetization of the BiFeO3 powders at room temperature showed a weak a ferromagnetic nature.

© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Multiferroic materials, which show both ferroelectric and
ferromagnetic properties in a certain temperature range, have
attracted considerable attention due to the fascinating funda-
mental physics underlying their behavior and potential
applications for novel magnetoelectric devices [1-3]. Of
particular interest is BiFeO; (BFO), which exhibits ferro-
electric and antiferromagnetic properties at room temperature.
Its phase transition temperatures are high (7T, =370 °C and
Tc-=810 °C), making it very attractive from an application
point of view [4,5]. In addition to potential magnetoelectric
applications, BFO might find applications in optoelectronic
devices [6] and gas sensing materials [7] due to its small
bandgap and gas sensitivity, respectively.

Perovskite BFO is usually fabricated by a conventional
solid-state reaction at a high sintering temperature [8]. Other
fabrication methods also require a high temperature treatment
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during or after the synthesis. As such, it is difficult to obtain
single-phase materials, because the volatilization of some
reactants leads to an incomplete reaction. Recently, researchers
have attempted to prepare phase pure BFO via a variety of
routes, including rapid thermal annealing [9,10], sol-gel
method [11,12] and hydrothermal method [13-17]. Among
these fabrication techniques, hydrothermal approaches to
obtain phase pure BFO powders warrant further investigation,
because the synthesis of crystalline ceramics is possible by
hydrothermal reaction at a temperature of 200 °C or lower
without a further calcination step. In the case of BFO, such low
processing temperatures prevent the volatilization of reactants
and minimize the amount of impurities associated with
calcinations and ball-milling steps. BFO powders with various
shapes and particle sizes have been successively synthesized by
hydrothermal methods in a high alkaline medium with nitrate
precursors. Chen et al. [13] synthesized single-phase BFO
crystallites at temperatures as low as 200 °C with 4 M
concentration of KOH. Xiaomeng et al. [14] synthesized
submicrometer-sized BFO plates by a surfactant-assisted
hydrothermal method at a temperature of 180 °C using
cetyltrimethylammonium bromide (CTAB) as a surfactant.
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Han et al. [15] synthesized spindle-like BFO nanopowders at a
temperature of 200 °C, adding a small amount of H,O,. Wang
et al. [16] synthesized BFO nanoparticles with ~5 nm particle
size by a mineralizer-assisted hydrothermal method at a
temperature of 200 °C using KNO5 as mineralizer. Cho et al.
[17] synthesized spherical BFO nanopowders at a temperature
of 130 °C with the aid of triethanolamine (TEA). While several
studies have reported on the hydrothermal synthesis of BFO
powders, only Chen et al. [13] have mentioned the phase
formation mechanism of hydrothermal BFO powders. They
reported that BFO powders could be obtained by a dissolution—
precipitation mechanism, which entails the dissolution of
bismuth and iron hydroxide by the attack of KOH and
precipitation of insoluble powders from a super-saturated
hydrothermal fluid [13]. Despite these advances in the
understanding of hydrothermal synthesis of BFO powders, it
is necessary to shed light on their chemical history in order to
form final ceramic compositions and avoid second phase
formation and control the particle size. Furthermore, the
characteristics of these powders should be investigated to
confirm that their quality will meet the demands of practical
applications. In the current work, single-phase BFO powders
were prepared at a temperature of roughly 200 °C by a
hydrothermal method. The phase formation mechanism under
various hydrothermal conditions was discussed. Typical
characteristics including the magnetic property of the single-
phase BFO powders were also investigated.

2. Experiment

The chemical reagents used in the work were bismuth nitrate
(Bi(NO3)3-5H,0), iron nitrate (Fe(NO3)3;-9H,0), and potas-
sium hydroxide (KOH). All the chemicals were of analytical
grade. Equi-molar mixtures of Bi(NO3);-5H,O and
Fe(NO3)3-9H,0 were dissolved in 40 mL of KOH. The molar
ratio of the alkali mineralizer was adjusted by dissolving certain
amounts of KOH pellets into distilled water. The mixture was
stirred vigorously for 30 min and transferred into a Teflon-lined
stainless steel autoclave. Several modifications to the typical
synthesis procedure were incorporated to study the effect of
different synthesis conditions on phase formation and particle
size. The concentration of KOH was varied from 4 to 12 M. The
hydrothermal treatments were conducted under autogeneous
pressure in a temperature range of 150-225 °C for 1-72 h. The
produced powders were collected at the bottom of the Teflon-
liner after cooling to room temperature. The products were
washed at least five times by repeated cycles of centrifugation
in distilled water, and redispersed in ethanol by sonicating for
30 min. Subsequently, powders were obtained by evaporating
ethanol in a mortar heated at 80 °C.

The crystal structure and phase composition of the powders
were determined using an X-ray diffractometer (XRD) (D/max-
RC; Rigaku, Japan) with Cu Ka radiation operated at 30 kV and
60 mA in a 20 range of 15-70°. The particle size and
morphology were observed using field emission scanning
electron microscopy (SEM) (XL30SFEG; Philips, Netherlands
and S4300; HITACHI, Japan) equipped with an energy-

dispersive X-ray (EDX) analysis unit. SEM samples were
prepared as follows: BFO particles suspended in ethanol were
sonicated and a few drops of the suspension were deposited
onto a glass substrate, allowed to dry, and then sputter-coated
with an osmium. Transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) images were taken
with a Tecnai G2 F30 S-Twin (FEI, Netherlands) using an
acceleration voltage of 300 kV to confirm single-crystalline
behavior. TEM samples were prepared by sonicating BFO
particles suspended in ethanol and dropping the suspension
onto a 200 mesh carbon coated grid. Fourier transform infrared
(FTIR) spectra of BFO powders were taken with a FTIR 4100
spectrometer (Jasco, Japan). Differential scanning calorimetry
(DSC) (DSC 204 F1, NETZSCH, Germany) of BFO powders
was performed from room temperature to 900 °C in argon
ambient at a scan rate of 10 °C/min. The magnetic properties of
the BFO powders were measured using a vibrating sample
magnetometer (VSM) at room temperature.

3. Results

The influences of the different mineralizer concentrations,
duration time, and reaction temperature on the phase formation
of BFO powders were investigated under various hydrothermal
conditions (as summarized in Table 1).

XRD patterns of the powders synthesized at 200 °C for 6 h
using different KOH concentrations of 4, 8, and 12 M are
presented in Fig. 1. The XRD pattern of the starting precursor
powders dissolved in the KOH solution (hereafter “‘not reacted
powder”) shows only a-Bi,O3 phase. It was confirmed from
XRD data of iron nitrate powders dissolved in KOH solution
(results not shown) that iron ions exist in an amorphous
hydroxide form in the KOH solution. Because the amorphous
iron hydroxide has relatively broad- and low-intensity peaks
than a-Bi,03, the XRD pattern of the not reacted powder shows
only «-Bi,O3; phase. With the 4 M concentration of KOH,
crystalline BFO was obtained with an impurity phase of o-
Bi,0s. Diffraction peaks of the BFO powders synthesized with
8 M KOH can be indexed to a pure BFO phase. With the higher

Table 1
The summary of hydrothermal synthetic conditions and phase structure of BFO
powders.

KOH Reaction Reaction Phase structure
concentration temperature time (h)
M) “0)
4 200 6 BFO, minor Bi,O3
8 200 6 Pure BFO
12 200 6 BFO, minor BiysFeOyq
8 200 1 Bi,03
8 200 3 BFO, minor Bi,O3
8 200 24 BFO, minor BiysFeOyg
and Bi,O3
8 200 72 BFO, minor Bi3_43F60_5705
and Fe,O3
8 150 6 Bi,03
8 175 6 Pure BFO
8 225 6 Pure BFO
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Fig. 1. XRD patterns of not reacted powder, BFO powders synthesized at
200 °C for 6 h with KOH concentration of 4, 8, and 12 M.

KOH concentration (12 M), an impurity phase of bismuth-rich
Bi,sFeOy4 was detected in addition to the major BFO phase.

SEM images of the not reacted powder and BFO powders
synthesized at 200 °C for 6 h using KOH concentrations of 4, 8,
and 12 M are shown in Fig. 2. Energy-dispersive spectroscopy
(EDS) spectra of the BFO powders synthesized with 4 M KOH
are also shown. According to Figs. 1 and 2(a), a-Bi,O3 and
amorphous iron hydroxide exhibit a fine, spherical structure
with an average diameter of ~30 nm. BFO phase was formed
with a small amount of «-Bi,O; phase when 4 M KOH was
used as a mineralizer. Reaction products primarily consist of
several hundred nanometer-sized plates with a broad particle
size distribution and a small portion of nanorods with a high
aspect ratio (Fig. 2(b)). EDS analyses confirm that the nanorods
marked as “A” had contained bismuth and oxygen elements
whereas the plates marked as “B”” incorporated bismuth, iron,
and oxygen elements with a Bi:Fe ratio of 1.14:1 within the
instrumental accuracy, indicating that the nanorods are a-Bi, O3
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Fig. 2. SEM images of (a) not reacted powder, BFO powders synthesized at 200 °C for 6 h with KOH concentration of (b) 4 M, (c) 8 M, and (d) 12 M. The inset in (d)
shows low magnification image of (d). (e and f) show EDX profile obtained from marked “A” and “B” in (b).
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phase and the plates are BFO phase (Fig. 2(e) and (f)). The BFO
powders synthesized with a KOH concentration of 8 M show
soft agglomerates of irregular-shaped particles with several ten
and/or hundred nanometers in size (Fig. 2(c)). In the case of
BFO powders synthesized with 12M KOH, several ten
nanometer-sized spherical particles agglomerated to form
several ten micrometer-sized aggregates (Fig. 2(d) and inset).
With increasing KOH concentration, the particles became
smaller and their morphology changed from plate- to spherical-
like, and they were more agglomerated, as shown Fig. 2(b—d).

XRD patterns and SEM images obtained from powders
reacted for times ranging from 1 to 72 h at 200 °C with 8 M
KOH are shown in Figs. 3 and 4, respectively. The not reacted
powder and the powders synthesized for 1h were equally
indexed as a-Bi,O5 phase but the peak intensity of the powder
synthesized for 1h was relatively increased. The powder
synthesized for 1 h consisted of rod-like particles and spherical
nanoparticles of various sizes, as shown in Fig. 4(a). EDX
analyses confirm that the Bi:Fe ratio in the rod-like particles
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Fig. 3. XRD patterns of not reacted powder, BFO powders synthesized at
200 °C with 8 M KOH concentration for various reaction times of 1-72 h.
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Fig. 4. SEM images of BFO powders synthesized at 200 °C with 8 M KOH concentration for various reaction times of (a) 1 h, (b) 3 h, (c) 24 h, and (d) 72 h. (e and f)

show EDX profile obtained from marked “A” and “B” in (a).
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was 7.15:1 whereas the ratio was 0.36:1 in the spherical
nanoparticles, within the instrumental accuracy. It can be
concluded that the rod-like particles are a-Bi,O3 phase, similar
to the nanorods synthesized with 4 M KOH (Figs. 1 and 2(b)).
The small amount of iron element might have originated from
the spherical nanoparticles adhered on the rod-like particles, as
shown in Fig. 4(a). The peaks excluding the bismuth, iron, and
oxygen peaks shown in the EDS spectra of Fig. 4(e and f)
originate from the glass substrate and the conductive coating
material (osmium) for SEM observation. The phase transfor-
mation from a-Bi,O3 with amorphous hydroxide to BFO was
initiated between 1 and 3 h, and a-Bi,03 phase was completely
eliminated after 6 h. Meanwhile, the presence of second phases
such as 0L-Bi203, Bi25F6040, F6203, and Bi3_43F60.5706 was
detected in addition to the major BFO phase for the powders
synthesized for 24 and 72 h. SEM images of the BFO powders
show that several ten nanometer-sized spherical BFO particles
were initially formed (3 h), and subsequently developed into
several hundred nanometer-sized and/or several micrometer-
sized particles with plate- and polyhedral-like morphologies
(Fig. 4(b), Fig. 2(c), Fig. 4(c) and (d)).

Fig. 5 shows XRD patterns of the powders synthesized at
150, 175, 200, and 225 °C for 6 h with a KOH concentration of
8 M. The XRD pattern of the not reacted powder is also
included in the figure. It can be seen that pure BFO powders
were obtained at a temperature of >175 °C. The powder
synthesized at 150 °C had the same XRD peak position and
similar peak intensity with the not reacted powders, in which a-
Bi,0O3 and amorphous hydroxide were detected. The morphol-
ogy of the particles was also similar (Fig. 6(a)). The change in
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Fig. 5. XRD patterns of not reacted powder, BFO powders synthesized with
8 M KOH concentration for 6 h at various reaction temperatures of 150-225 °C.

the particle morphology with the reaction temperature (Fig. 6)
follows a similar trend to the duration time (Fig. 4). That is, the
particle morphology changed from several ten nanometer-sized
spherical particles to several hundred nanometer-sized and/or
several micrometer-sized particles with plate- and polyhedral-
like shape as the reaction temperature was increased from 150
to 225 °C (Fig. 6(a, b), Fig. 2(c), Fig. 6(c)).

Characteristics of the single-phase BFO powder synthesized
at 200 °C for 6 h under a KOH concentration of 8 M were
investigated in detail. A representative TEM image of the
single-phase BFO particles is shown in Fig. 7(a). SAED data

Fig. 6. SEM images of (a) not reacted powder, BFO powders synthesized with KOH concentration of 8 M for 6 h at reaction temperature of (b) 175 °C, and (c)

225 °C.
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Fig. 7. (a) Low resolution TEM image, (b) SAED pattern, and (c) high-resolution TEM image of BFO powders synthesized with 8 M KOH concentration for

6 h at 200 °C.
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Fig. 8. FTIR spectra of BFO powders synthesized with 8 M KOH concentration
for 6 h at 200 °C: (a) as-synthesized and (b) annealed at 600 °C.

taken from an individual particle shows the presence of sharp
diffraction spots, which are indicative of single-crystalline BFO
formation (Fig. 7(b)). In Fig. 7(c), a high-resolution TEM
image obtained from a portion of an individual BFO particle is
shown for further confirmation of the single-crystalline
behavior of the BFO powder. This image shows a clearly
resolved crystalline domain with uniform interplanar spacings
of 2.78 and 2.31 A, which are compatible with the bulk BFO
values of 2.79 and 2.31 A, respectively (JCPDS card no. 86-
1518). The lattice spacings described above correspond to the
(11 0) and (0 0 6) planes of a rhombohedral phase BFO crystal.
The FTIR spectrum of the single-phase BFO powder presented
in Fig. 8 indicates that neither lattice water nor hydroxide
species were present. This is assumed from the lack of
characteristic absorption bands in the regions of 3550-3200 and
1630-1600 cm ™' corresponding to antisymmetric and sym-
metric OH stretching and HOH bending, respectively [18]. The
band at 1384 cm ™' corresponds to the nitrate peak [19], which
was eliminated after annealing at 600 °C. The DSC curve
shown in Fig. 9 reveals an endothermic peak at 827.3 °C.
Fig. 10 shows the magnetization curve measured at room
temperature for the single-phase BFO powders. A partly
enlarged view of Fig. 10 is shown in the inset over a low H
region. The curve shows weak ferromagnetism at room
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Fig. 9. DSC curve of the BFO powders synthesized with § M KOH concentra-
tion for 6 h at 200 °C.

temperature with a remanent magnetization value (M,)
of approximately 5.66 memu/g and a coercive field value
(H,) of nearly 160 Oe.

4. Discussion

It was confirmed that the not reacted powder consisted of -
Bi,O3; and amorphous iron hydroxide nanoparticles with a
spherical shape. The a-Bi,O3 and amorphous iron hydroxide
phase was immediately induced from the dissolved Bi(NO3);
and Fe(NOj); precursor powders in the KOH solution
according to the follow reaction:

2Bi(NO;); + 6KOH — BiyO3 + 6K" +6NO;~ + 3H,0
Fe(NO;); +3KOH — Fe(OH); + 3K +3NO;3~

With a low concentration of KOH (4 M), the a-Bi,O5 phase was
still shown in addition to the major BFO phase in the form of
nanorods, as shown in Fig. 2(b). With a higher concentration of
KOH (8 M), a-Bi,O3 nanorods disappeared, indicating that the
a-Bi,0O5 phase was dissolved by a higher concentration of alkali
mineralizer. This phenomenon was also observed for the pow-
ders synthesized at 200 °C with an 8 M KOH concentration for
1-6 h. The a-Bi,O3 phase transformed into rod-like particles
with increased crystallinity after synthesizing for 1 h and was
eliminated after 6 h. Yang et al. [20] synthesized o-Bi,O3
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Fig. 10. (a) VSM measurement of BFO powders synthesized with 8 M KOH concentration for 6 h at 200 °C, and (b) the partially enlarged curve of (a).
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needles by hydrothermal synthesis using a Bi(OH); precursor in
a 0.5M KOH mineralizer at 120 °C. These results show
preferential growth of a-Bi,O3 phase with a rod-like morphol-
ogy in a hydrothermal system using a low concentration of
alkaline mineralizer at low temperature. It can be conjectured
that spherical a-Bi,O3 nanoparticles formed at room tempera-
ture transform into a-Bi,O3 rod-like particles with a high aspect
ratio at the initial stage of hydrothermal synthesis. As the
concentration of the KOH mineralizer and/or duration time
increase, rod-like a-Bi, O particles gradually dissolve into Bi**
ions. The chemical reaction of phase transformation from o-
Bi,O3 with amorphous hydroxide into BiFeOj is as follows:

Biy0;3 + 2Fe(OH); — 2BiFeO; + 3H,0

Increasing the reaction temperature also enhances the dissolu-
tion rate of a-Bi,O3 phase. In spite of a small variation of
temperature from 150 to 175 °C, the phase was totally changed
from «-Bi,O5 to pure BFO, indicating the dissolution of a-
Bi,05 and that nucleation of BFO occurs dramatically within
this narrow temperature range.

The effects of processing parameters on the BFO phase
formation may be understood by a dissolution—precipitation
mechanism [13,21,22]. Further increasing of pH, duration time,
and reaction temperature after the formation of a-Bi,O5 rod-
like particles increase a-BiyOj3 solubility, thereby increasing
the dissolution rate of bismuth into solution and increasing the
ion concentration in the alkaline solution. When the ion
concentration in the alkaline solution surpasses the saturation
point, thermodynamically stable BFO phase can be nucleated
and grown. However, BFO phase formation can start before the
rod-like a-Bi,05 particles completely dissolve in the solution
during a certain period of hydrothermal synthesis when the Bi
ion concentration in the solution exceeds the saturation point.
This phenomenon can be confirmed from the coexistence of a-
Bi,03 and BFO phases in the powders synthesized at 200 °C for
6 h with 4 M KOH (Figs. 1 and 2(b)) and at 200 °C with 8 M
KOH for 3 h (Figs. 3 and 4(b)). As continuous dissolution of a-
Bi,03 and precipitation of BFO lead to a long period of
nucleation, the particles nucleated at the early stage of
precipitation grow larger than those nucleated later. This
might be the origin of the broad particle size distribution shown
in Figs. 2(b, ¢), 4, and 6. Further growth of BFO particles was
still possible after the formation of BFO phase by the
dissolution of small BFO particles and precipitation on large
particles. Through a repeated dissolution—precipitation process,
which is called Ostwald-ripening, BFO particles grew larger to
minimize the surface energy as the duration time was increased
(Figs. 2(c), 4(b, c, and d)).

On the other hand, the nucleation and growth rate depend on
the degree of super-saturation in the solution; there is a high
nucleation rate and low growth rate at high super-saturation,
while a low nucleation rate and high growth rate will occur at
low super-saturation. The high degree of super-saturation in the
solution with the high KOH concentration results in a high
nucleation rate for the BFO phase. This explain the decrease of
the particle size with increasing KOH concentration, as shown
in Fig. 2(b—d), and in particular, accounts for the spherical BFO

nanoparticles with several nanometer size in the 12 M KOH
solution. In the higher KOH concentration, the base OH™ ions
might act as a bridge between particles, and thus BFO powders
synthesized with 12 M KOH tended to strongly agglomerate.

After the formation and growth of BFO phase by the reaction
between bismuth and iron, the concentration of bismuth, iron,
and OH" in the hydrothermal solution becomes small. Because
thermodynamic states such as source ion concentration and pH
value were changed compared with the initial BFO formation
conditions, a second phase might be formed as the reaction time
was prolonged (Fig. 3). The minor phase of BiysFeOy,q that
formed with the BFO powders at 12M KOH, which is
presented in Fig. 1, also might arise from different thermo-
dynamic states originating from larger solubility of a-Bi,O3
phase and higher pH value.

Increasing the reaction temperature with a constant
concentration of alkali mineralizer and duration time (8§ M
KOH, 6 h) did not influence the phase formation and only
resulted in an increase of particle size (Fig. 5). Rossetti et al.
[21] demonstrated that the rate of dissolution and crystal-
lization were strongly dependent on the reaction temperature,
which means the reaction temperature is related to the kinetics
of the particle formation process. Consequently, the reaction
temperature only influences the duration time to crystallize the
BFO phase and does not influence the formation of different
phases when other experimental conditions are unchanged.
Chen et al. [13] obtained pure-phase BFO powders above the
critical temperature of ~200 °C and observed an increase of
particle size with increased reaction temperature, which is
consistent with our experimental results.

From the TEM analyses, we confirmed the single-crystalline
behavior of the single-phase BFO powders. Although the
conditions under which single-phase BFO powders can be
obtained are narrow, BFO powders synthesized by a hydro-
thermal method have good crystallinity. Surface H,O and OH™
defects are detrimental to the electrical properties of inorganic
materials [23]. The FTIR results showed neither lattice water
nor hydroxide species, indicating that the BFO powders
fabricated by the hydrothermal method have fewer defects and
impurities in the lattice. The endothermic peak at 827.3 °C
from the DSC curve resulted from a ferroelectric to paraelectric
phase transformation in BFO, which is in good agreement with
the previous reports [24].

The weak ferromagnetic property shown in Fig. 10 is
different from the linear M—H behavior noted in bulk BFO [25].
Park et al. [12] suggested that incomplete spin compensation is
possible in a small antiferromagnetic system below the
wavelength period of the spiral spin arrangement of 62 nm,
where the long-range antiferromagnetic order is frequently
interrupted at the particle surfaces. In small structures, the
surface-to-volume ratio becomes very large with decreasing
particle size, enhancing the contribution to the overall
magnetization by uncompensated spins at the surface [12].
Our BFO powders with a particle size of several ten and/or
hundred nanometers have a comparable magnetization value
with that of the 95 nm-sized BFO particles from Ref. [12]. In
addition to the contribution of particle size effects to the
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magnetization value, canting or incomplete counterbalance of
the antiferromagnetic spin structure due to structural distortion
induces increased magnetization [26,27].

5. Conclusion

In the present study, the influence of processing variables
such as KOH concentration, duration time, and reaction
temperature on the phase formation and particle size of BFO
powders synthesized by a hydrothermal method was investi-
gated. The optimum conditions to retain pure-phase BFO were
determined to be a KOH concentration of 8 M for a reaction
time of 6 h at 175-225 °C. A dissolution—precipitation process
was discussed as the hydrothermal mechanism to form BFO
crystallites. BFO particle growth was promoted by lowering the
KOH concentration, or increasing duration time or reaction
temperature. Weak ferromagnetic behavior observed from the
single-phase BFO powder might be originated from particle
size effect and canting of the antiferromagnetic spin structure.
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